Parenteral Nutrition (PN) Associated Liver Disease (PNALD) affects up to 60% of neonates; however, techniques for diagnosing and monitoring disease progression remain limited. The neonatal baboon model may provide a unique opportunity to identify serologic markers associated with this disease. The purpose of this study was to investigate if Hyaluronic Acid (HA), TIMP metallopeptidase inhibitor 1 (TIMP1), Amino-terminal Propeptide of Type-III Collagen (PIIINP) and Enhanced Liver Fibrosis (ELF) score associate with histological liver disease in neonatal baboons exposed to PN. Preterm baboons delivered via c-section at 67% gestation received PN for 14 days with or without Intralipid (PRT+IL, PRT-IL, respectively) or were sacrificed after birth (PRTCTR). Term baboons were sacrificed after birth (TERMCTR) or survived 14 days (TERM+14d). Serum HA, TIMP1, and PIIINP concentrations were measured by ELISA. A blinded pathologist assigned liver histological scores following necropsy. HA increased 9.1-fold, TIMP1 increased 2.2-fold, and ELF score increased 1.4-fold in PRT-IL compared to PRTCTR. ALT, AST, and GGT were within normal limits and did not vary between groups. A trend towards increased fibrosis was found in PRT-IL baboons. Microvesicular hepatocyte steatosis and Kupffer cell hypertrophy were elevated in PRT-IL vs PRTCTR. HA and TIMP1 were significantly elevated in preterm baboons with early histological findings of liver disease evidenced by hepatic steatosis, Kupffer cell hypertrophy and a trend towards fibrosis whereas traditional markers of liver disease remained normal. These novel markers could potentially be utilized for monitoring early hepatic injury in neonates.
Introduction Parenteral Nutrition (PN) Associated Liver Disease (PNALD) affects 40-60% of neonates and incidence increases with duration of exposure [1] . PNALD places a significant health burden upon these infants and is associated with hepatic cholestasis, coagulopathy, increased infection, and liver fibrosis. In a small percentage of cases, PNALD rapidly progresses to liver failure that requires transplant or results in death [1] . The most common serologic markers used to track PNALD-direct bilirubin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), and gamma-glutamyl transferase (GGT) lack accuracy and do not predict stage of liver fibrosis or project advancement towards liver failure [2] [3] [4] [5] [6] [7] . For this reason, liver biopsy remains the gold standard. However, liver biopsy provides only a snap in time assessment and is subject to significant sample error as well as intra-and inter-observer variation, all of which can lead to misdiagnosis of overall liver disease [8, 9] . In addition, the procedure is costly and exposes the infant to serious potential complications.
In adult and pediatric populations, several serum markers are being used both singly and in algorithms to assess liver disease and project level of fibrosis [3, 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] . These markers include glycoproteins (hyaluronic acid (HA), laminin, and YKL-40), members of the collagens family of proteins (propeptide of Type III Collagen (PIIINP) and collagen type IV), as well as collagenases and collagenase inhibitors (matrix metalloproteases (MMP) and TIMP metallopeptidase inhibitor 1 (TIMP1)) [17] . Of these markers, HA has been most extensively studied, demonstrating promise as an early indicator of prognosis in biliary atresia in pediatric populations [12] and as a marker of severe hepatic fibrosis in patients with non-alcoholic fatty liver disease (NAFLD) [16] . Furthermore, elevated TIMP1 has also been shown to correlate with hepatic fibrosis in cystic fibrosis liver disease [13] . These "direct" serum markers, so called because they reflect the deposition and removal of extracellular matrix in the liver, can also be combined with "indirect" markers from routine blood tests (AST, ALT, platelet count, etc) into more sophisticated scores, thereby improving the diagnostic utility of these markers for both adult and pediatric patients [3, 10, 13] . A number of such scoring algorithms have been developed and are available for commercial use including the Enhanced Liver Fibrosis Test (ELF, iQur Ltd, Southampton, UK) [4, 15, 17, 18] . The ELF score combines TIMP1, PIIINP, and HA serum concentrations and has been demonstrated to predict moderate fibrosis and cirrhosis in adults and children [19] .
To our knowledge, none of these markers have yet been investigated for use in neonatal hepatic disease. If they were found to be applicable to neonatal liver disease, they could potentially decrease the need for invasive liver biopsy and improve monitoring of overall disease state. In particular, there are concerns about the dose of intralipid and its role in the development of liver disease [20] . As these novel markers require a minimal amount of blood and are fairly noninvasive, it would be possible to repeat the tests for assessing trends over time; raising the possibility of early identification of the subset of infants moving towards rapid liver failure, allowing interventions to be made before reaching transplant criteria. While it is difficult to obtain liver samples in healthy and sick neonates to correlate with serum levels, another mode of exploration exists. Baboons have a 97% phylogenetic proximity with humans, and if born prematurely, develop conditions unique to preterm infants [21] . Moreover, neonatal baboons have been demonstrated to be a highly translational model for evaluating cholestasis and liver dysfunction in extremely low birth weight infants, with pathologic changes in NICU-treated baboons comparable to findings in human infants [22] . The purpose of this study was to investigate if Hyaluronic Acid (HA), TIMP metallopeptidase inhibitor 1 (TIMP1), and Amino-terminal Propeptide of Type III Collagen (PIIINP) alone or combined as an Enhanced Liver Fibrosis (ELF) score, associate with histological liver disease in neonatal baboons exposed to PN with and without intralipids.
Methods

Animal care
Blood serum, fixed liver tissue, and frozen liver tissue were obtained from shared control animals from various ongoing studies, as described below. Animals (Papio anubis and Papio cynocephalus x Papio anubis hybrids) were obtained from the Texas Biomedical Research Institute (TBRI) in San Antonio, Texas and the Oklahoma Primate Center (Fort Reno, OK). Experiments were conducted at the TBRI and at the University of Texas Health Science Center at San Antonio (UTHSCSA, San Antonio, TX). The Institutional Animal Care and Use Committees at the TBRI and UTHSCSA approved all studies. Animal experiments were conducted in accordance with accepted standards of humane animal care, and all efforts were made to minimize suffering. There were no early deaths of preterm or term animals. Prior to euthanasia, preterm animals were anesthetized with Ketamine (5 mg/kg, Putney, Portland, USA) and Midazolam (0.1mg/kg, Akorn, Lake Forest, USA) IV and term animals were anesthetized with Ketamine (10mg/kg; IM) and isoflurane gas (1-2%) and titrated to effect. All animals were euthanized via exsanguination followed by pentobarbital. Necropsies were performed immediately following euthanasia.
Gestational controls
Six preterm baboons were delivered via scheduled Caesarean Section (C/S) under general anaesthesia at 67% (125 ± 2 days) gestation and euthanized immediately after delivery (PRTCTR). Mothers of preterm animals were returned to the TBRI Primate Center after 2-3 weeks to allow recovery from C-Section (described in greater detail below). A total of nine baboons were delivered at term via spontaneous vaginal delivery and breastfed by their mothers for up to 3 days before transfer to UTHSCSA. Mothers of term animals were returned to their colonies following infant transfer. Six of these infants were euthanized at DOL 3-5 (TERMCTR). The remaining three animals were survived for 14 days, and received no interventions prior to euthanasia (TERM+14d). All term animals were housed in temperature-controlled environments, bottle-fed Similac Advance infant formula (Abbott, Abbott Park, IL) every 3-4 hours and monitored by veterinary staff daily until euthanasia.
Preterm animals
Premature baboons were delivered via C/S under general anaesthesia at 67% gestation. Mothers of preterm baboons received 2 doses of intramuscular antenatal steroids at 48 and 24 hours prior to C/S. Dosing was equivalent to that given to humans in mg/kg body weight. Immediately following delivery, infants were anesthetized with ketamine (5-10 mg/kg) and Midazolam (0.1mg/kg) IM, intubated and given 4ml/kg surfactant (Beractant, Abbott Laboratories, Abbott Park, IL) and then were chronically ventilated with PN for 14 days. Animals received 24-hour care provided by qualified staff members and were monitored by veterinary staff daily. Animals received Ketamine (5-10 mg/kg) and Midazolam (0.1 mg/kg) IV every 2-6 hours to maintain sedation and analgesia. Ventilator management was adjusted per a detailed protocol according to blood gas analysis. Central venous and arterial lines were placed shortly after birth for fluid management, PN, and lab sampling. One group received Intralipid (IL; Fresenius Kabi, Bad Homburg vor der Höhe, Germany) solution starting at 1gm/kg/day and advanced stepwise daily by 0.5 gm/kg/day to a max 3 gm/kg/day (PRT+IL, n = 6). The other group did not receive any IL (PRT-IL, n = 8). For both the PRT+IL and PRT-IL groups, PN was started within 24 hours of delivery and was similar in content and volume to that used in human neonatal intensive care unit patients. Amino acids were started at 1.75g/kg/day and advanced to a max of 3.5g/kg/day by the 2 nd day of life (Trophamine, B. Braun Medical, Bethlehem, PA). Dextrose was started at 5% and adjusted to maintain blood glucoses within goal range according to the individual protocol. Standard neonatal dosed multivitamins and trace elements (M.V.I. Pediatric, Pfizer, New York, NY) were added. Electrolytes and total fluid goal were adjusted based on serum chemistries and fluid status. When stable, animals were allowed trophic enteral orogastric feeds to further mimic human neonatal intensive care unit conditions at about 20ml/kg/day (Similac Special Care, Abbott Nutrition, Columbus, GA). Animals were euthanized at 14 ± 2 days of life. Additional details of their daily management and feedings have been published in detail elsewhere [21, 24] . Following the C-Section procedure, mothers of preterm infants were monitored twice daily by veterinary staff until removal of sutures at 10-14 days post-surgery. Mothers received Meloxicam (Putney; first dose: 0.2mg/ kg, following doses: 0.1mg/kg, IM once daily) or Buprenex (Abbott Animal Health, Abbott Park, USA; 0.01mg/kg, IM twice daily) for analgesia following surgery. Penicillin (Durvet, Blue Springs, USA; 30,000 IU/kg IM, every other day for six days) was given to prevent infection. Once the surgery site was completely healed and the animals cleared by a veterinarian, mothers were returned to the TBRI Primate Center.
Additional procedures
As previously described, the euglycemic hyperinsulinemic clamp is a technique to measure insulin sensitivity [23, 24] . At the start of each procedure, animals were anesthetized with ketamine (10 mg/kg) and isoflurane gas and two peripherally inserted central catheters were placed. Each clamp procedure lasted 120 minutes and consisted of a bolus dose (150 mU/kg, given over 1 minute) of insulin (Novolin; Novo Nordisk Pharmaceuticals, Princeton, USA) followed by a continuous infusion rate of 15 mU�kg -1 �min -1 . The glucose infusion rate was simultaneously adjusted to maintain euglycemia (blood glucose concentration of 68-80 mg/dL). Blood samples were collected every 5-10 minutes to monitor blood glucose levels and at -180, 0, +30, +60, +90, and +120 min for analysis of insulin concentration. Animals remained anesthetized for the duration of the experiment and were monitored constantly for signs of discomfort or adverse reactions (increased or decreased heart rate; hyper-or hypotension, or other vital sign changes). Muscle biopsies are performed during the insulin clamp. Animals are appropriately anesthetized prior to muscle biopsies and local anesthesia utilizing 1% lidocaine was used. Biopsies were taken from the biceps femoris muscle via sharp dissection and utilizing sterile technique to obtain~10 mg of muscle tissue (approximately 3 small pieces of 2-4 mm each). Six TERMCTR and four PRT-IL animals underwent this procedure prior to euthanasia.
Blood analyses
Serum was collected prior to euthanasia and stored at -80˚C. Serum HA, TIMP1, and PIIINP concentrations were measured by ELISA ( Average fasting serum glucose levels were measured and compared in all animals prior to necropsy to ensure no significant impairment in gluconeogenesis or metabolic abnormality was present. Direct Bilirubin, Total Bilirubin, ALT, AST, and GGT were measured using standard techniques for n = 6 animals per group (except for TERM+14d, where n = 3).
Tissue and morphometric analyses
At necropsy, liver tissue was collected and either snap-frozen in LN 2 or fixed in 10% normal buffered formalin for 24 hours, then transferred to 70% ethanol, and embedded in paraffin. Slides were cut and Hematoxylin and eosin, Masson trichrome, Perl's, CD68, and Cytokeratin 7 (CK7) stains were prepared. A single liver pathologist, who was blinded to clinical and laboratory data, performed the histological analysis as follows: Histological scores were assigned per standard METAVIR staging [26, 27] . Briefly, fibrosis was scored as 0 = none, 1 = portal fibrosis without septa, 2 = portal fibrosis with few septa, 3 = bridging fibrosis, and 4 = cirrhosis. Additional histologic evaluation of PNALD was performed similarly to a foundational study performed by Kerecman et al [22] . Extramedullary hematopoiesis was scored according to the method of Miranda [28]: hepatic erythroid hematopoiesis was scored from 0-2, with 0 = no areas of hematopoietic foci, 1 = widely spaced hematopoietic foci, and 2 = closely opposed hematopoietic foci. Portal and Lobular Myelopoiesis were scored from 0-3 with 0 = absent myelopoiesis, 1 = isolated myeloid cells, 2 = scattered cell clusters, and 3 = frequent clusters or confluent myeloid cells in portal spaces. Acinar bile ducts were noted to be present or absent and expressed as a percent of portal tracts containing at least one duct, with 20 portal tracts counted per animal. Additional semi-quantifiable histopathological parameters were scored from 0-3 with 0 = none, 1 = mild/few, 2 = moderate, and 3 = many/marked to include Kupffer cell hypertrophy, Kupffer cell hemophagocytosis, micro and macrovesicular hepatocyte steatosis, hepatocyte apoptotic bodies and lobular atrophy, bile stasis and Kupffer and hepatocyte iron storage, as described by Kerecerman et al [22] . The presence of CD68+ macrophages was evaluated in the same manner. Assessment of CK7+ ductular reaction and progenitor cells was evaluated according to the method of Eleazar et al: 0 = rare or no CK7+ progenitor cells or ductular reaction around few to no portal tracts, 1 = rare single or focal CK7+ ductular reaction and/or focal clustering of CK7+ progenitor cells around most portal tracts, 2 = continuous CK7+ ductular reaction and/or clusters of CK7+ progenitor cells around <50% of portal tracts, and 3 = continuous CK7+ ductular reaction and/or clusters of CK7+ progenitor cells around >50% of portal tracts [29] . Ductular reaction was defined as irregular cords of cuboidal to flattened, elongated CK7+ cells with small or inapparent lumens and progenitor cells were defined as small CK7+ cells with scant cytoplasm, oval nuclei, and occasional cytoplasmic extensions [29] . Scores were assigned based on assessment of the full slide.
RT-PCR analysis
Relative mRNA expression of genes involved in inflammation and fibrosis was measured using RT-PCR. RNA was extracted from approximately 20 mg of frozen tissue using the Trizol (Thermo Fisher Scientific, Waltham, USA) methodology followed by clean up using the RNeasy Mini Kit (Qiagen, Germantown, USA). cDNA was synthesized using the Applied Biosystems High Capacity cDNA transcription kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Taqman primer/probe sets and mastermix (Thermo Fisher Scientific) were used to measure relative gene expression of: NFKB inhibitor alpha (NFKBIA, assay ID: Hs00153283_m1), Collagen Type 1 alpha 1(COL1A1, assay ID: Hs00164004_m1), Fibronectin 1 (FN1, assay ID: Hs01549976_m1), and Actin Alpha 2, smooth muscle (ACTA2, assay ID: Hs05005341_m1). The BioRad CFX384 Touch Real-Time PCR Detection System (BioRad Laboratories, Hercules, USA) was used for conducting the PCR reactions. Relative quantitation of gene expression was accomplished using the relative standard curve method. The quantity of each gene was normalized to importin 8 (IPO8, assay ID: Hs00914057_m1).
Statistical analysis
All authors had access to the study data and reviewed and approved the final manuscript. Statistical calculations were performed utilizing SPSS 25.0 and STATA. Using a 2-sided test, an alpha of 0.05 and a beta of 0.8, 5 animals were needed per group to determine statistical significance in HA levels. One-way ANOVA with Bonferroni correction was used for comparison of continuous data between more than 2 groups and p-value of p<0.05 was considered statistically significant. Kruskal-Wallis with post-hoc testing (STATA) was used for analyzing categorical data between groups. The p-value for statistical significance was adjusted to p<0.0025 for Kruskal-Wallis testing. The utility of each serum biomarker for discriminating fibrosis levels and other markers of liver disease was assessed using area under the receiver operating characteristic curve analysis and Spearman's correlation coefficient was used to assess the correlation between serum biomarkers and markers of liver disease. Results are reported as mean ± SEM, unless otherwise specified.
Results
All relevant data underlying this manuscript can be found archived at DOI: 10.6084/m9. figshare.8326532.
Demographics
Demographic characteristics of the study animals, including gestational age, male to female ratio, and birth weight are summarized in Table 1 . Birth weights were similar between like gestations (Table 1) . Serum glucose was similar between like gestations and within normal limits ( Table 1) . One baboon was excluded from the PRT+IL group final analysis due to severe illness (related to extreme prematurity) leading to early death (final number analyzed in group n = 5).
Liver function tests
Variability in liver function test results was high for all tests in PRT+IL and PRT-IL. Total Bilirubin and direct bilirubin were significantly different across treatment groups (F = 3.53, p = 0.023 and F = 3.60, p = 0.021, respectively), however we were not able to detect a significant difference between groups. Both total and direct bilirubin tended to be elevated in the PRT+IL and PRT-IL groups compared to PRTCTR and were similar between the TERMCTR and TERM+14d groups ( Fig 1A) . ALT, AST, and GGT also tended to be higher in the PRT+IL and PRT-IL groups compared to PRTCTR, and were again similar between the TERMCTR and TERM+14d groups, but this was not statistically significant (p = 0.23, p = 0.09, and p = 0.18, respectively; Fig 1C, 1D and 1E ).
ELISA and ELF scores
The results of the ELISAs and ELF scores are summarized in Fig 2 and Table 2 . Serum HA was significantly higher in the PRT-IL compared to PRT+IL and PRTCTR (p<0.05, Fig 2A) . Serum HA was similar between PRTCTR and PRT+IL (p = 1.0) as well as between TERMCTR and TERM+14d (p = 1.0). TIMP1 was 2.2-fold higher in the PRT-IL group compared to the PRTCTR group (p<0.01) but was similar to the PRT+IL group (p = 0.092; Fig 2B) . TIMP1 was also similar between the TERMCTR and TERM+14d groups (p = 0.86). PIIINP was significantly higher in the PRT+IL and PRT-IL groups compared to the PRTCTR group (p<0.05) and was similar between the PRT+IL and PRT-IL groups (p = 0.10). PIIINP was significantly lower in the TERM +14d group compared to the TERMCTR group (p<0.05). Similarly, ELF scores were significantly higher in the PRT+IL and PRT-IL groups compared to the PRTCTR group (p<0.05) and were similar between the PRT+IL and PRT-IL groups (p = 1.0, Fig 2D) . ELF scores were also significantly lower in the TERM+14d group compared to the TERMCTR group (p<0.05).
In the present study, the area under the receiver operating characteristic curve was low (<0.5) for all serum biomarkers of liver disease in discriminating fibrosis level. TIMP1 had the greatest area (0.43), followed by ALT (0.37), GGT (0.36), HA (0.35), and ELF score (0.30); direct bilirubin (0.29) and AST (0.18) had the lowest AUCs. TIMP1 also had the greatest ability to discriminate microvesicular steatosis among the serum biomarkers (AUC: 0.48). The Spearman's correlation coefficients between TIMP1 and markers of liver disease were low and nonsignificant (fibrosis: r s = 0.14, p = 0.40; microvesicular steatosis: r s = 0.14, p = 0.43; and Kupffer cell hypertrophy: r s = 0.18, p = 0.29). The Spearman's correlation coefficients between HA and markers of liver disease were somewhat higher, but remained nonsignificant (fibrosis: r s = 0.25, p = 0.14; microvesicular steatosis: r s = 0.28, p = 0.1; and Kupffer cell hypertrophy: r s = 0.45, p = 0.07). Finally, Spearman's correlation coefficient between ELF score and makers of liver disease were highest and some reached significance (fibrosis: r s = 0.34, p = 0.05; microvesicular steatosis: r s = 0.56, p = 0.001; and Kupffer cell hypertrophy: r s = 0.35, p = 0.05).
Histology and morphometric analyses
The results of the liver histopathology studies are summarized in Fig 3 and Table 3 . Outputs of the statistical analysis on the histopathology scores are summarized in Table 4 . Representative images for each CD68 score and CK7 score are shown in S1 Fig. Although fibrosis was significantly different across groups (X 2 (4) = 14.49, p = 0.006, Table 4 ) we were not able to detect a statistically significant difference in level of fibrosis between groups. Fibrosis tended to be increased in the PRT-IL baboons, however, this did not reach adjusted statistical significance (p = 0.003; Fig 3, Tables 3 and 4) . Similarly, bile stasis, Kupffer cell hemophagocytosis, and Kupffer cell iron storage were significantly different across groups, but no significant differences between groups were detected ( Table 4 ). Hepatic erythroid hematopoiesis was increased in the PRTCTR group as compared to the PRT+IL group (p = 0.001, Tables 3 and 4 ). Portal myelopoiesis was also increased in the PRTCTR as compared to the PRT+IL group (p = 0.001, Tables 3 and 4 ). Lobular myelopoiesis tended to be increased in the PRTCTR compared to the PRT+IL group, but did not reach adjusted significance (p = 0.02, Tables 3 and 4 ) Kupffer cell hypertrophy was significantly elevated in PRT-IL compared to PRTCTR (p<0.001, Tables 3  and 4 ). Microvesicular hepatocyte steatosis was significantly increased in the PRT-IL group compared to PRTCTR (p = 0.002, Tables 3 and 4 ). Hepatocyte iron storage, ongoing portal track development, acinar bile ducts, macrovesicular hepatocyte steatosis, hepatocyte apoptotic bodies, lobular atrophy, CK7 scores, and CD68 scores were not significantly different across groups (Tables 3 and 4 ). All liver histopathology scores were also similar between the TERMCTR and TERM+14d groups (Tables 3 and 4 ). 
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RT-PCR
The results of the RT-PCR analysis are summarized in Fig 4. Relative mRNA expression of NFKBIA was significantly increased in PRT-IL animals compared to PRTCTR (p = 0.045), but was similar between PRT-IL and PRTCTR (p = 1.0) and between PRT-IL and PRT+IL (p = 0.18) animals ( Fig 4A) . Relative mRNA expression of NFKBIA was also similar between TERMCTR and TERM+14d animals (p = 1.0). Relative mRNA expression of COL1A1 was similar between groups (p = 0.34, Fig 4B) . Relative mRNA expression of FN1 tended to be higher in term animals compared to preterm animals but was not significantly different among the preterm animals (p = 1.0). Expression of FN1 was significantly higher in TERM +14d animals compared to TERMCTR animals (p<0.01, Fig 4C) . Relative mRNA expression of ACTA2 was not significantly different between groups (p = 0.12, Fig 4D) . Finally, correlations between NFKBIA and PIIINP were found (r s r 0.44, p = 0.02) whereas no correlations were found with TIMP1, HA and ELF score (p = 0.1 for all).
Discussion
Parenteral-nutrition associated liver disease continues to be a major source of morbidity and mortality among critically-ill neonates; however, techniques to identify and monitor disease progression remain limited. The purpose of this study was to investigate whether several novel markers of liver disease currently utilized in adults and children (HA, TIMP1, PIIINP, ELF) are associated with liver disease in premature baboons receiving PN. This approach has several unique advantages, including the ability to correlate serum levels of HA, TIMP1, and PIIINP with histological evaluation of the liver, without the need for risky biopsies or the use of autopsy samples, which may not accurately represent the pathology of liver disease in surviving infants. Furthermore, this approach allows for the inclusion of fetal and term control animals that are well-matched to the study animals to provide further context for data interpretation. Finally, this approach allowed for the inclusion of animals exposed to PN with and without IL, providing an opportunity to better understand the role of lipid infusions in the development of liver disease. Histopathologic and RT-PCR analysis of the livers of premature baboons treated with PN for 14 days revealed limited evidence of fibrosis or inflammation in either IL group. However, given the two week time constraint of our model, we wouldn't necessarily expect to find more pronounced evidence of liver disease. Nevertheless, both preterm baboon groups exhibited some degree of liver disease. Fibrosis was highest in the PRT-IL baboons, although this did not reach statistical significance (Fig 3) . Fibrosis was lower in PRT+IL baboons compared to PRT-IL baboons, but still slightly higher than the controls. Measures of hepatocyte and Kupffer cell damage also tended to be higher in the preterm baboon groups compared to the control groups, although there was high variability and most of these differences were not significant ( Tables 3 and 4 ). Ductular reaction and CD68+ macrophage staining tended to be more pronounced in PRT-IL and PRT+IL compared to PRTCTR, but these trends also did not reach significance. mRNA expression of NFKBIA was significantly higher in PRT-IL animals compared to controls, but other mRNA markers of inflammation and fibrosis were similar between preterm groups. We speculate that the relatively mild liver disease seen is due predominantly to the short duration of the PN exposure but perhaps the significant increase in NFKBIA expression in PRT-IL animals, which is well known for its involvement in inflammatory responses and induction of apoptosis, may represent the potential early mechanism leading to fibrosis after prolonged exposures [30] . Indeed, in a previous study conducted by our group, in which baboons were kept on PN with IL for 3-4 weeks, the animals exhibited more advanced fibrosis (up to stage 3) [22] . We were surprised to find that the TERMCTR group exhibited relatively high levels of fibrosis-only slightly lower than the PRT+IL group. Whether this finding represents normal postnatal development or whether the insulin clamps the animals received contributed to these findings remains unclear. On the other hand, these histopathological findings may represent some inaccuracy of methods to evaluate early stages of fibrosis since in this study, an experienced blinded pathologist analyzed the data. We recognize that these factors represent serious limitations to the ability to associate serum markers of liver disease with histopathologic levels of liver disease; nevertheless, this study offers valuable insight into the pathology of neonatal liver disease.
HA is a glycosaminoglycan present in synovial fluid in joints and in some tissues, such as the liver. It is often elevated with chronic liver disease due to increased production by hepatic stellate cells and decreased clearance by sinusoidal endothelial cells. It has been found to correlate with stage of liver fibrosis in children with NAFLD, cystic fibrosis, and biliary atresia and in adults with chronic hepatitis C and alcoholic liver disease [16, [31] [32] [33] [34] [35] [36] . Consistent with the relatively higher levels of fibrosis seen in the PRT-IL group, serum levels of HA were significantly higher in this group compared to all other groups. Although both the PRT+IL and TERMCTR groups also exhibited some fibrosis, HA levels were similar between these groups and the PRTCTR and TERM+14d groups, which exhibited limited to no fibrosis. HA levels did not exhibit correlation with fibrosis, steatosis, or Kupffer cell hypertrophy; we are not surprised, as adverse histopathological changes may need more time. These findings suggest HA may not be predictive of early fibrosis but is better than or equal to traditional markers of liver disease.
Hepatic stellate cells express TIMP1 in later phases of liver injury to modify expression of matrix metalloproteinases and decrease matrix degradation [37, 38] . TIMP1 has been shown to be elevated in adult populations with hepatic fibrosis due to chronic hepatitis C, Alcoholic Liver Disease, and NAFLD, and in children with liver disease secondary to cystic fibrosis [38] [39] [40] [41] [42] . Moreover, it rapidly decreases once the underlying insult to the liver is stopped. Similar to HA, serum levels of TIMP1 were generally higher in the PRT-IL group, though this difference was only significant when compared to the PRTCTR group. TIMP1 levels tended to be similar across the remaining groups, with the exception of the TERM+14d group, which exhibited somewhat elevated TIMP1 levels, though with high variability. Although TIMP1 had the greatest ability of the markers examined here to discriminate fibrosis when compared to other novel and traditional markers of liver disease, TIMP1 still did not exhibit as strong a correlation with any of the histopathological findings. These findings suggest TIMP1 may not be a sensitive marker of early neonatal liver disease but perhaps further studies with more advanced disease will lead to higher sensitivity.
PIIINP is created during the conversion of procollagen III to collagen III, an important contributor to liver fibrosis [43] . Studies have suggested serum levels of PIIINP correlate with fibrosis in alcoholic liver disease, hepatitis C and NAFLD [15] . We found that PIIINP was highest shortly after birth at term but was significantly lower when born preterm (PRTCTR vs TERMCTR). After 14 days, PIIINP increased significantly in both the PRT+IL and PRT-IL groups, whereas it decreased significantly in the TERM+14d group. Interestingly, PIIINP was lower in the PRT-IL group (the group with the greatest fibrosis) compared to both PRT+IL and TERMCTR (both groups with relatively less fibrosis). These results are in agreement with early studies that suggested PIIINP levels may decrease with increasing disease [43] , however, other studies have not replicated these findings. PIIINP mildly correlated with increases in the NFKBIA expression in the liver, which may be representative of the early stages of inflammation. Our results suggest PIIINP may be a reasonable indicator of liver disease after the immediate post-natal period, but shortly after birth at term, PIIINP may be naturally elevated. Furthermore, PIIINP may be most informative during the earlier stages of liver damage, and less informative as fibrosis progresses.
The ELF score uses an algorithm combining HA, TIMP1, and PIIINP to create a score that has been found to be highly sensitive and specific for determining stage of liver fibrosis in adults and pediatric patients with NAFLD, and is under investigation for cystic fibrosis liver disease and biliary atresia [19, 25, [44] [45] [46] [47] . The ELF score was significantly lower in the PRTCTR and TERM+14d groups vs all other groups, but was similar between the PRT+IL, PRT-IL, and TERMCTR groups. All ELF scores outside of the PRTCTR and TERM+14d groups were above the value for suspected liver fibrosis established in pediatric populations ([25] ; proposed cut offs: any fibrosis: 8.49, mild fibrosis: 9.33, moderate fibrosis: 9.54, significant fibrosis: 10.18, advanced fibrosis: 10.51). Finally, ELF scores exhibited the greatest correlation between fibrosis levels, steatosis and Kupffer cell hypertrophy of the markers examined in this study. However, the significance of these findings are difficult to interpret, as ELF scores in term controls were similar to those of the PRT+IL and PRT-IL animals. Whether the increases in ELF scores seen here are due simply to normal postnatal maturation cannot be determined, as there are currently no standard scoring values established in neonates. This highlights the importance of establishing "normalcy" values in future studies.
The pathogenesis of PNALD is multifactorial and remains poorly understood [48] . It has often been proposed that the soy-based IL used in standard PN is a primary source of injury due to the development of biliary stasis [49] . However, other work has argued that fatty acid deficiency plays a major role in the development of liver disease [50, 51] . Our findings of greater liver damage, as well as higher HA and TIMP1, in the PRT-IL group of baboons suggest that nutrient deficiency may be an important contributor to neonatal liver disease. The mechanism for lack of nutrients causing liver disease has been previously described in nonalcoholic liver disease via autophagy [52] . This is a highly conserved intracellular process for the degradation and recycling of cellular components to provide amino acids, glucose and free fatty acids where endothelial cells, macrophages and hepatic stellate cells also employ autophagy [52] . These findings are especially clinically relevant, as many NICUs significantly limit the amount of IL given to infants with early developing signs of TPN cholestasis [53, 54] . However, we also noted somewhat greater prevalence of biliary stasis in the PRT+IL group, and although this was not significantly elevated compared to the other groups, this may be due to the relatively short exposure time, rather than any protective effect of intralipids for liver disease. Of note, among the traditional markers of liver disease examined (Total bilirubin, direct bilirubin, ALT, AST, GGT) only total and direct bilirubin were significantly elevated with evidence of liver fibrosis. Levels of ALT, AST, and GGT were almost entirely within normal limits and demonstrated no significant differences between groups. The normal liver function test levels observed in animals with histological fibrosis further highlights the limited utility of these traditional markers for determining hepatic fibrosis and emphasizes the need for more accurate markers.
In addition to intravenous lipid formulation, other nutritional factors have also been implicated in the development of liver disease in the neonatal period, including excessive amounts of trace elements, such as copper and manganese. In this study, all preterm animals received the exact same formulation and amount of trace elements according to a standardized protocol. Furthermore, these animals were only exposed to PN for 14 days; therefore, it seems unlikely that the trace elements would have built to toxic levels in such a short amount of time. However, we did not test different doses of trace elements, and the exact dose and level of each trace element required in the neonatal period and their possible roles in liver disease remain to be determined. Parenteral amino acids are tolerated in premature and term infants receiving PN up to 3.5 g/kg/day for prolonged periods, which is what our PRT-IL and PRT+IL animals received. Historically, increased administration of parenteral amino acids was believed to be associated with earlier onset and increased severity of liver disease, decreased bile flow, and hepatotoxicity due to accumulation of specific amino acids (methionine, tryptophan) and photo-degradation products of amino acids [55] . However, more recent data have not supported these findings [56] . Furthermore, in human studies, when IL are limited but amino acids are continued, the currently used markers for liver disease return back towards baseline [53] . However, we cannot be certain amino acid solutions do not contribute to liver disease as both animals that received PN had some evidence of injury and we did not test one group without amino acid solution. On the other hand, since the dose of amino acids was the same in both groups of preterm chronically ventilated animals along with evidence of hepatic fibrosis in murine models when no supplemental IL or enteral feeds are provided supports our findings [50] .
This study has several important limitations that need to be taken into consideration. First, as previously described, the duration of PN therapy received by the animals in this study was relatively short and, as a result, the liver disease seen was fairly mild. There are two main reasons for this study design. First, due to the severity of illness, survival in these extremely premature animals beyond 2 weeks is very limited. Second, the animals included in this study served as shared controls for ongoing studies, all of which required the 2-week endpoint (and also required the insulin clamp in the TERMCTR group). An additional limitation to this study is the small sample, which contributed to the larger than expected variability in levels of serum markers and histopathology scores within the test groups. As previously discussed, all animals included in these experiments were shared controls; therefore, we are unable to include more animals. Furthermore, given the study design restrictions previously discussed (the fact that we were unlikely to be able to achieve a greater degree of liver disease in our study animals) we felt we could not justify running additional animals solely for these experiments.
Conclusion
Chronically ventilated premature baboons develop signs of liver disease after exposure to 14 days of PN, which are most pronounced in animals exposed to PN without IL. Serum levels of HA and TIMP1 are significantly higher in the same group of animals, and therefore, HA and TIMP1 could potentially be utilized for monitoring early hepatic injury due to PNALD in neonates. Future studies including larger numbers of neonates are warranted, given the importance of protecting the developing liver from injury. 
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